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INCREASING PILE CAPACITY AND SET-UP IN CLAY  
BY ELECTROKINETICS 
 
SUSHEEL R. KOLWALKAR 
 
 
 
ABSTRACT 
 
A significant increase in the load capacity over a period of time is often observed in 
driven piles. This time dependent strength gain is termed as ‘set-up’. Different 
mechanisms have been proposed to explain the set-up phenomenon in cohesive soils. A 
research was initiated to investigate this mechanism in clay soils in terms of 
electrokinetic theory and explore the possibility of accelerating the process. The system 
chosen for the study consisted of laboratory scale steel piles driven in kaolinite clay under 
controlled conditions. The piles were subjected to DC voltage gradients with surrounding 
electrodes at different time intervals and their capacities were compared with those of the 
control piles. Tests were also conducted at varying moisture contents and various clay-
sand mixtures. 
The capacity gains of piles in kaolinite clay under 1, 10 and 30 V D.C., compared to 
those without any external electric gradient, were 73%, 116% and 162% respectively. 
Higher clay content produced higher set-up. On the basis of laboratory tests, it was 
concluded that pile set-up in kaolinite clay could be significantly accelerated by 
electrokinetic method. An empirical equation incorporating the effect of an applied 
electric gradient was proposed to predict pile set-up in clay. The proposed equation was 
in good agreement with the experimental data. 
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Chapter I 
INTRODUCTION 
 
1.1 Background  
Heavy structures like high-rise buildings and bridges need to rest on strong and stable 
foundations. Deep foundations are designed to transfer the weight of these structures to 
the ground underneath and around it. Generally, deep foundations are required for very 
large design loads or poor soil conditions. Piles are typically used as deep foundations, as 
shown in Fig 1.1. It is possible to lose valuable construction time during pile installation 
due to a phenomenon called pile set-up.  
When a pile is driven into the soil, it disturbs the soil. As the soil surrounding the pile 
recovers from the installation disturbance, a time dependant increase in pile capacity 
often occurs, which is termed as ‘set-up’. The pile set-up phenomenon cannot be 
predicted based on the knowledge of the engineering properties of soil. Different kinds of 
mechanisms have been proposed in order to explain set-up in cohesive soils. In 
engineering practice, set-up is incorporated in the design phase during static analysis in 
1
the form of setup factors obtained as a result of a study performed on a large amount of 
existing pile driving data. During construction phase, set-up is calculated using empirical 
equations used in conjunction with dynamic test methods. These equations have limited 
applications as they are based on combined (shaft and toe) resistance determination. 
 
 Figure 1.1 Pile Foundation (www.answers.com/topic/pile-foundation) 
Dynamic test methods involve measurements of force and velocity near the pile head 
taken during initial driving and subsequently during restrike. These measurements can be 
used to estimate pile capacity among other attributes like performance of the pile driving 
system, pile installation stresses and pile integrity. Soil set-up can be determined by 
comparing restrike capacity with the end of initial drive capacity. Fig 1.2 shows force and 
velocity traces indicating set-up obtained as a result of a dynamic test using a Pile 
Driving Analyzer. The force and velocity traces are measured at the end of initial driving 
and at the beginning of restrike, 8 days later. A separation between the force and velocity 
wave traces between Time 0 and Time 2L/c is due to the presence of skin friction 
between the pile and the soil. Increase in skin friction which is a clear indication of set-up 
2
is visible in the restrike traces. Subsequent CAPWAP analyses can accurately predict 
increase and variation of skin friction along the pile shaft. 
 
Figure 1.2 Force and Velocity traces measured during dynamic testing 
 
1.2 Problem Statement 
Because of many uncertainties associated with pile foundation analysis and design, full-
scale pile load tests are usually carried out at the field. The capacity of driven piles is 
tested within 2 weeks after the end of initial driving (EOID) in order to incorporate the 
set-up phenomenon. This waiting period affects the total construction time of the project. 
Moreover, if the tested pile doesn’t gain the desired capacity within this period, it is 
3
generally recommended that additional piles be driven in the vicinity of the tested pile to 
account for the insufficient capacity. 
Set-up is a natural process which cannot be accelerated by any existing practice. If the 
set-up phenomenon could be accelerated, it would result in savings in terms of shortening 
the construction time, decrease in material and labor costs incurred for the installation of 
the additional piles, and in the reduction of overall cost of the project.  
The goal of the present study is to understand the mechanism of pile set-up in a cohesive 
soil and to develop a process for accelerating pile set-up. In order to understand the 
proposed pile set-up mechanism, it is necessary to introduce the reader to some basic 
principles of electrokinetics and the electrochemical behavior of clay water system. 
 
1.3 Clay Water Electrolyte System 
Clay particles carry a net negative charge on their surfaces. In dry clay, the negative 
charge is balanced by the exchangeable cations like Ca2+, Mg2+, Na+, and K+ surrounding 
the particles being held by electrostatic attraction. When water is added to clay, these 
cations and a few anions float around the clay particles forming a clay water electrolyte 
system. If electrodes are placed into such as electrolyte, the negatively charged clay 
particles start moving towards the positive electrode.  
The velocity of the mobilized clay particles depends on factors like zeta potential, 
permittivity and viscosity of the soil mass, and also on the axial electric field developed 
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due to formation of an electrochemical cell. The electrochemical behavior of the clay 
water system forms the basis of the set-up mechanism proposed in this study. 
 
1.4 Set-up in Clay Mechanism: Hypothesis 
Pile driving causes disturbance and movement of soil away from the pile, while it is 
being driven. This results in the formation of an electrochemical cell comprising of clay 
water electrolyte and a steel pile electrode. The negatively charged clay particles start 
moving towards the pile under the influence of a natural gradient of the electrochemical 
cell, resulting in their adhesion to the steel pile.   “If pile set-up in clay is a natural 
electrokinetic process, application of an electric voltage to the soil with the pile made to 
act as a positive electrode, will significantly increase set-up.” Results obtained from the 
proposed research will address the validity of this hypothesis. 
 
1.5 Statement of Research Goals & Objectives 
On the basis of the hypothesis that set -up in clay is a natural electrokinetic process, a 
research was proposed to investigate the mechanism of pile set-up in cohesive soils and 
explore the possibility of accelerating the set-up process by an electrokinetic method.  
The objectives established for this research included the following: 
1. Conduct laboratory experiments on a prototype steel pile-kaolinite clay 
system in order to obtain values of pile capacity with time. 
5
2. Apply an electric voltage to another identical pile-clay system and conduct 
laboratory experiments to obtain pile capacity values with time.  
3. Compare pile capacity values obtained from steps 1 & 2 in order to 
understand the effect of application of an electric voltage on pile set-up. 
4. Investigate the effects of variation in the applied electric voltage and moisture 
content of the clay specimen on pile set-up. 
5. Compare pile capacity values of samples with different percentages of 
cohesive soil. 
6. Observe behavior of pile capacity with respect to the duration of application 
of electric voltage, for different values of electric gradient. 
7. Attempt to develop a method for predicting pile set-up using Electrochemical 
Impedance Spectroscopy. 
 
This research project was funded by the Department of Civil and Environmental 
Engineering at Cleveland State University. 
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Chapter II 
LITERATURE REVIEW  
 
2.1 Pile Set-up 
Piles have to sustain design loads for a long period of time. So, the effects of soil 
modification in the vicinity of the pile are essential in understanding the changes in pile 
capacity. After pile installation, its strength increases by reconsolidation. A significant 
increase in the side shear capacity over a period of time is often observed in the case of 
driven piles. This phenomenon is referred to as ‘set-up’ or ‘freeze’. Knowledge of pile 
set-up after the end of initial driving is important for an efficient and economic design of 
pile foundations. 
Various mechanisms have been proposed to explain set-up in soils. Komurka et. al., 
(2003) {12} has summarized the current practice in estimating and measuring soil set-up 
in a report to the Wisconsin Highway Research Program. The report addresses the 
mechanisms associated with soil set-up development. The set-up mechanism can be 
divided into three phases. The first two phases occur due to excess porewater pressure 
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dissipation, while the third phase is termed as aging and is attributable to thixotropy, 
secondary compression, particle interference and clay dispersion [Long et al., 1999;{3} 
Schmertmann, 1991{25}]. Fig 2.1 shows a schematic of the phases involved in the set-up 
mechanism as presented in the report. 
 
Fig 2.1  Schematic of Phases of Set-up Mechanism (Report by Wagner Komurka) 
During the first phase of set-up, the rate of dissipation of excess pore water pressures is 
non-linear with respect to time (log scale) for some time after driving. This first phase of 
set-up has been demonstrated to account for capacity increases in a matter of minutes 
after installation [Bullock, 1999{1}]. 
At some point of time after driving, the rate of dissipation of excess pore water pressure 
becomes linear with respect to the log of time. This is the second phase of the set-up 
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mechanism. In cohesive soils, logarithmically linear dissipation may continue for several 
weeks, several months, or even years [Skov and Denver, 1988{11}]. 
The third and final stage of the set-up mechanism is attributed to a phenomenon called 
aging, which is defined as a time-dependant change in soil properties at a constant 
effective stress. Aging effects increase the soil’s shear modulus, stiffness, and dilatancy, 
and reduce the soil’s compressibility [Axelsson, 1998 {17}]. 
 
2.2 History of Pile Set-up 
The pile set-up phenomenon was first mentioned in the literature in 1900 by Wendel 
[Long et.al, 1999 {2}]. Wendel conducted load tests on driven timber piles in clay and 
reported that axial capacity continued to increase for two to three weeks after the end of 
initial driving. According to Long et. al., estimating the effect of time on pile capacity 
can be important for reuse of existing piling and can also be helpful for quantifying just 
how much to expect capacity to increase with time if pile load tests show that capacities 
are coming up short. Set-up has been documented to account for capacity increases of up 
to 12 times the initial value [Titi and Wathugala, 1999 {14}]. Titi and Wathugala 
developed a numerical procedure to predict pile set-up by simulating the behavior of the 
pile and taking into account the changes in effective stresses due to pile installation and 
the resultant consolidation. 
Pile set-up in cohesive soils has been studied and published, for example, Tomlinson 
(1971), Randolph et al. (1979), Skov & Denver (1988), Fellenius et al. (1989), Whittle et 
al. (1992), Svinkin et al. (1994),  and others. In the study of fine grained granular soils 
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(silts or fine sands), important contributions are made by Chow et al. (1997), Axelsson 
(1998), and Malhotra (2002), among others. Rausche, et. al. (1996) calculated general 
soil set-up factors based on the predominant soil type along the shaft. Komurka et.al., 
(2003) summarized the current practice in estimating and measuring pile set-up in a 
report to the Wisconsin Highway Research Program. 
 
2.3 Measurement of Set-up 
To measure set-up, a minimum of 2 field determinations of a pile’s capacity are required. 
However, the times at which, and the manner in which, such capacity determinations are 
performed are critical to the value of the information obtained, and the conclusions, 
which can be drawn from it.  
 
     Fig 2.2 Restrike Testing Times (http://www.dot.state.oh.us/se/seminars/ODOT) 
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To maximize measured set-up, the first determination of a pile’s capacity should be 
performed at the end of driving, or as soon after driving as possible, and the second 
determination should be delayed as long as possible. Fig 2.2 shows a plot of pile capacity 
versus the log of time. It can be seen from the graph, that although restrike testing is 
technically preferred as late as possible after the end of initial driving, it is generally 
performed within the first 10 days after installation, for economic reasons.  
 
2.4 Pile Load Tests 
The purpose of a pile load test is mainly to assist the engineer and to provide actual 
evaluation of the pile response under loading. Static and dynamic pile load tests can be 
performed on driven piles to evaluate their capacities. Static tests consist of loading piles 
and measuring deflection. Dynamic tests attempt to obtain static pile capacities generally 
using stress wave analyses of pile deflection caused by dynamic loads.  
Restrike tests in the form of either static load tests or dynamic tests are performed in soils 
with time dependant soil strength changes to confirm the expected change in pile 
capacity. Results obtained during these tests are useful in establishing a final driving 
criterion for the remaining production piles. 
2.4.1 Static Load Testing  
Static load testing is the most accurate method of determining pile load capacity. These 
tests may be performed either during the design stage or the construction stage depending 
upon the size of the project.  
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A static load test can be classified into two types on the basis of the position of 
application on the load on the pile. They are: 
A) Top-Loaded  
B) Bottom Loaded 
 
Fig 2.3  Mechanism of a Top Loaded Static Pile Load Test (FHWA) 
Top loaded tests, also known as conventional tests conform to ASTM D-1143 and 
involve loading the test pile mostly under axial compression, although other methods of 
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loading such as axial tension, or lateral loading could be used. The pile is loaded 
incrementally from the pile head using some predetermined loading sequence, or it can be 
loaded at a continuous, constant rate.  
A non-internally instrumented load test determines combined shaft and toe resistance. If 
internally instrumented with a single tell-tale, or a single strain gage, the test can 
determine aggregate shaft resistance and toe resistance. If internally instrumented with 
multiple tell-tales or strain gages as shown in Fig 2.3, the load test can determine shaft 
resistance distribution along with toe resistance. 
Measurements of load, time, and movement of the pile at different points along the length 
of the shaft are recorded and a load movement curve is plotted. Fig 2.4 shows a load-
movement curve obtained from a pile load test. The elastic deformation Δ is given by: 
Δ=
AE
QL …… Eq. (2.1) 
Where: Δ = Elastic deformation in inches (mm) 
  Q = Test load in kips (KN) 
  L = Pile length in inches (mm) 
  A = Cross-sectional area of the pile in in2  (m2) 
  E = Modulus of elasticity of the pile material in ksi (kPa) 
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For smaller diameter piles, i.e. diameter less than 24 inches, the ultimate or failure load of 
a pile, ‘Qf’ is that load which produces a movement of the pile head equal to:  
sf  = Δ + (0.15 + 0.008b) …..Eq. (2.3) 
Where: sf   = Settlement at failure in inches 
   b = Pile diameter or midth in inches 
   Δ = Elastic deformation of total pile length in inches. 
For larger diameter piles, i.e. diameter greater than 24 inches, the settlement at failure is 
given by Eq. (2.4). 
sf  = Δ + ( 30
b ) …..Eq. (2.4) 
 
Fig 2.4  Typical Static Pile Load Movement results (FHWA) 
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A failure criterion line parallel to the elastic deformation line is plotted and the point at 
which the observed load-movement curve intersects the failure criterion is called the 
failure load. If the reaction system for static loading is allowed to remain in place, it can 
provide for multiple tests at various times after the end of driving, and hence accurately 
measure set-up. 
 
Fig 2.5  Comparison between ‘O’ Cell and Conventional Static Load Test (FHWA) 
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Bottom loaded static load tests are performed using an Osterberg cell, also known as an 
‘O-cell’. The O-cell is a sacrificial loading device in the form of a cylindrical hydraulic 
jack. The soil below the toe of the pile is loaded using the pile’s shaft resistance as a 
reaction and the pile shaft is loaded using the end bearing resistance below the O-cell as 
reaction. A schematic comparison between the O-cell and conventional test is shown in 
Fig 2.5. The O-cell cannot be employed with H-piles, sheet piles or timber piles.  
The Osterberg cell test can determine either the maximum toe resistance or the maximum 
shaft resistance, but not the maximum of both as the maximum of one is reached before 
the other. Similar to the conventional test, an O-test can determine the distribution of 
mobilized shaft resistance and toe resistance, if the pile is internally instrumented with 
multiple tell-tales or strain gages. Since set-up is related to an increase in shaft resistance, 
an O-test that fails in shaft resistance can provide for multiple determinations of shaft 
resistance at different times after driving. 
2.4.2 Dynamic Testing 
Dynamic testing of piles uses data from transducers attached to the pile near the pile 
head. A typical dynamic testing system consists of a minimum of two strain transducers 
and two accelerometers bolted to diametrically opposite sides of the pile to monitor strain 
and acceleration and account for non-uniform hammer impacts and pile bending. The 
impact from the pile driving hammer produces strain and acceleration in the pile which 
are picked up by the transducers and transmitted to the Pile Driving Analyzer (PDA). A 
schematic of the PDA equipment is shown in Fig 2.6.  
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 Fig 2.6  Schematic of Pile Driving Analyzer Equipment (DFI) 
The PDA is a field-portable digital micro-computer for acquisition and analysis of data, 
translating strain and acceleration to force and velocity and displaying them on the 
screen. Fig 2.7 presents plots of pile force, velocity, displacement and energy records for 
an open end diesel hammer driving a 457 mm square 20 m long prestressed concrete pile 
[Hussein, et. al., 1995 {27}]. These dynamic measurements can be used to evaluate the 
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performance of the pile driving system, calculate pile installation stresses, determine pile 
integrity, and estimate static pile capacity. 
 
Fig 2.7  Records of Pile Force, Velocity, Displacement and Energy (Hussein, 1995 
{27}) 
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During pile driving in the field, the PDA uses the Case Method capacity equations for 
determining estimates of the ultimate static pile capacity. Case Method capacity results 
are calculated in real time from the measured force and velocity records obtained for each 
hammer blow. Additional lab analysis of the field measured dynamic monitored data 
called a Case Pile Wave Analysis Program (CAPWAP)  is capable of predicting shaft 
resistance distribution, toe resistance and a much more accurate value of static capacity. 
The CAPWAP is a more rigorous numerical analysis procedure that uses the measured 
force and velocity records from one hammer blow. The analysis procedure consists of 
signal matching pile force or velocity records given one measurement as input and the 
other as a boundary condition by manipulating values in the soil model through a trial 
and error iteration adjustment process. With each analysis, the program evaluates the 
match quality by summing the absolute values of the relative differences between the 
measured and the computed waves. An illustration of the CAPWAP iteration process is 
presented in Fig 2.8. 
Given the logistics of constructing a reaction system for a top loaded static load test, it is 
usually not possible to perform the first test on a pile until several days after driving, 
during which some set-up has occurred. For this reason, static load tests are considered 
impractical to determine initial capacities with reasonable accuracy. Since dynamic tests 
acquire data during driving, they are uniquely suited to determine capacity 
instantaneously at the end of driving. Restrike testing can provide for multiple tests at 
different times after driving.  CAPWAP analyses performed on the end of initial drive 
and restrike data determines the distribution of set-up along the shaft. In order to mobilize 
all available capacity during the end of initial driving or restrike testing, the pile needs to  
19
 Fig 2.8  CAPWAP Iteration Matching Process (Hannigan, 1990 {15}) 
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have a suitably low penetration resistance. At penetration resistances greater than 
approximately 10 blows per inch, capacity is likely not fully mobilized and dynamic 
monitoring likely under-predicts full capacity [Komurka, et.al. 2003 {12}]. 
 
2.5 Geotechnical Applications of Electrokinetics 
2.5.1 Electrokinetic Remediation 
Electrokinetic Remediation (ER) is based on the principle that when direct current (DC) 
is passed through contaminated soil, certain (negatively charged) types of contaminants 
will migrate through the soil pore water to a place where they can be removed. As shown 
in Fig 2.9, ER has been used to remove negatively charged chromate ions from the soil. 
 
Fig 2.9  Electro-kinetic Remediation  
(http://www.sandia.gov/Subsurface/factshts/ert/ek.pdf) 
The current density is generally of the order of milliamperes per square centimeter or an 
electric potential difference of the order of a few volts per centimeter across electrodes 
placed in the ground. The electrodes can be placed in either a vertical or a horizontal 
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array. When a DC current is applied to the electrodes, an electric field develops between 
the anodes and the cathodes. The different types of electrokinetics processes involved in 
remediation include electro-migration, electro-osmosis, changes in pH, and electro-
phoresis.  
Electro- migration refers to the movement of ions; Electro-osmosis is a bulk transport of 
water; while Electro-phoresis refers to the movement of charged particles under the 
influence of an electric field. The pH changes under the influence of electrolysis reactions 
at the electrodes. Among these electrokinetic processes, the application of electrokinetics 
remediation to mobilize soil contaminants is predominantly influenced by the formation 
of a pH front between the electrodes and electro-migration of the mobile metals ions in 
the soil to the electrode wells. Extraction and removal of the soil contaminants may be 
accomplished by electro-deposition, precipitation at the electrode, or removal and 
treatment of water containing the mobile contaminants from the electrode wells. 
2.5.2 Pile Driving by Electroosmosis 
Pile driving of an electrically conductive pile into soil containing water can be made easy 
by electroosmosis in which electrical direct current is directed through the soil for 
reducing friction between the pile and the soil. An electrical circuit having a d-c power 
source, an anode, and a cathode is provided in which the anode is placed in the water 
outside of the hollow pile and the cathode is attached to the electrically conductive pile.  
When the pile is in contact with the soil, electrical power is applied to the circuit whereby 
water will be caused to move from the anode down the outside of the pile through the soil 
adjacent to the pile and towards the cathode making the pile easier to drive through the 
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soil. There is a consequent increase in the soil moisture content at the cathode and 
decrease at the anode. In addition, after the pile has been driven, the current is reversed 
through the electrical circuit for reducing the water content of the soil inside the pile and 
increasing the load bearing strength of the soil.  
 
2.6 Clay Microstructure 
Soil particles smaller than 2 microns or 5 microns, as defined under different systems, 
can be classified as clay sized particles. Clay minerals are complex aluminum silicates 
composed of two basic units, a) silica tetrahedron and b) alumina octahedron.  
 
Fig 2.10 Sketch of Kaolinite Structure 
Each tetrahedron unit consists of four oxygen atoms surrounding a silicon atom. The 
combination of tetrahedral silica units forms a silica sheet. Three oxygen atoms at the 
base of each tetrahedron are shared by neighboring tetrahedra. The octahedral units 
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consist of six hydroxyls surrounding an aluminum atom, and the combination of the 
octahedral aluminum atoms forms the octahedral sheet, also termed as the gibbsite sheet. 
In a silica sheet each silicon atom with positive charge of four is linked to four oxygen 
atoms with a total negative charge of eight. Each oxygen atom at the base of the 
tetrahedron is linked to two other silicon atoms. So, the top oxygen atom of each 
tetrahedral unit has a negative charge of one to be counterbalanced. When the silica sheet 
is stacked over octahedral sheet, these oxygen atoms replace the hydroxyls to balance 
their charges. 
The type of clay mineral studied in the present study was called Kaolinite. It consists of 
repeating layers of elemental silica-gibbsite sheets in a 1:1 lattice as shown in Fig. 2.10. 
The structural formula of kaolinite is (OH)8Si4Al4O10.  
 
2.7 Ion distribution in kaolinite - water system 
Kaolinite particles carry a net negative charge on their surfaces. In dry clay, the negative 
charge is balanced by the exchangeable cations surrounding the particles being held by 
electrostatic attraction.  
When water is added to clay, these cations and a few anions float around the clay 
particles. Because the adsorbed cations produce a much higher concentration near the 
surface of the particles, they try to diffuse away in order to equalize concentrations 
throughout. Their freedom to do so is restricted by the negative electric field originating 
from the particle surface. The escaping tendency due to diffusion and the opposing 
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electrostatic attraction lead to ion distributions adjacent to clay particle in suspension as 
shown in Fig.2.11. 
 
Fig 2.11 Diffuse Double Layer of Clay Water System 
The charged surface and the distributed charge in the adjacent phase are together termed 
as the diffuse double layer.  Water is a polar molecule, i.e. the hydrogen atoms are not 
axisymmetric around an oxygen atom; it has a positive charge at one side and a negative 
charge at the other. Dipolar water is attracted both by the negatively charged surface of 
the clay particles and by the cations in the double layer. The cations are in turn, attracted 
to the soil particles.  
A third mechanism by which water is attracted to clay particles is hydrogen bonding, 
where hydrogen atoms in the water molecules are shared with oxygen atoms on the 
surface of the clay. All these possible mechanisms of attraction of water to clay are 
shown in Fig 2.12.  
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 Fig 2.12 Mechanisms of water clay attraction 
 
2.8 Electrochemical Impedance Spectroscopy (EIS) 
If an electric potential is applied across an electrochemical system, a current is caused to 
flow through the system, with a value determined by the mechanisms of the movement of 
ions through the electrolyte. The potential applied can be due to either an AC signal or a 
DC signal. AC signals are more widely used as they do not disturb the electrode 
properties and can investigate low conducting media. 
If the applied potential is a sinusoid of the form (Esinωt) then the response current will 
also be sinusoidal, with a value Isin(ωt + φ). Harmonics of this current (2ω, 3ω . . . etc.) 
will also flow, in case of a non-linear system. The relationship between the applied 
potential and the current flow is known as the impedance, which is analogous to the 
resistance-current-potential relationship of a dc circuit. The impedance (Z) has a 
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magnitude (E/I) and phase (φ) and is thus a vector quantity. Impedance data can be 
plotted in different formats to highlight trends and to facilitate the identification of 
electrochemical processes that can be characterized by a circuit component or an 
equivalent circuit. The two primary plot formats are, a) Nyquist Plot, and b) BodePlot. 
2.8.1 Nyquist Plot 
The expression for Z (ω) is composed of a real and an imaginary part. If the real part is 
plotted on the Z axis and the imaginary part on the Y axis of a chart, we get a "Nyquist 
plot". On the Nyquist plot shown in Fig.2.13, the impedance can be represented as a 
vector of length |Z|. The semi-circle is a characteristic of a single time constant. 
Electrochemical impedance plots often contain several semi-circles, and sometimes only 
a portion of a semi-circle is seen. The angle between this vector and the x-axis is φ or arg 
Z. Each point on the Nyquist plot denotes impedance at one frequency. It also shows that 
low frequency data are on the right side of the plot and higher frequencies are on the left. 
The biggest shortcoming of a Nyquist plot is that for any data point on the plot, one 
cannot predict what frequency was used to record that point. 
 
Fig 2.13 Nyquist Plot with impedance vector 
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2.8.2 Bode Plot 
In a Bode plot, the impedance is plotted with log frequency on the x-axis and both the 
absolute values of the impedance (|Z|=Z0) and the phase-shift on the y-axis. The Bode 
plot for the electric circuit of Fig.2.14 is shown in Fig.2.15. Unlike the Nyquist plot, the 
Bode plot does show frequency information. 
                          R 
 
C 
Fig 2.14 Parallel R-C Circuit 
 
Fig.2.15 Bode Plot with one time constant 
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2.8.3 Resistance and Capacitance Combination Models 
An electrochemical cell can be represented by a network of resistors and capacitors - 
known as an equivalent circuit. From an impedance spectrum, plotted in the form of a 
Nyquist plot or a Bode plot, it is possible to deduce the equivalent circuit and determine 
the significance of the different components. Fig.2.16 shows Nyquist plots obtained for 
different combinations of resistance and capacitance. 
         
       
                            
Fig.2.16 Nyquist plots obtained for 3 different capacitor-resistor combinations 
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Chapter III 
THEORIES  
 
3.1 Overview 
The Electrokinetic theory, its types and the equations governing fluid and mass transfer in 
an electro-chemical system are explained in this Chapter. A brief account of how pile set-
up is incorporated in the real world during pile design and construction stage is made and 
the significance of the electrokinetic theory in pile set-up is presented. 
 
3.2 Electrokinetic Theory 
The principle of electrokinetics relies upon application of a low-intensity direct current 
through the medium between electrodes. This mobilizes charged species, causing ions 
and water to move toward the electrodes. 
The phenomenon of electrokinetics may be broadly classified into four types:  
a) Electroosmosis 
b) Electrophoresis 
c) Streaming potential 
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d) Sedimentation potential 
These four types are shown in Fig 3.1 and can be qualitatively described as follows: 
 
3.2.1 Electroosmosis 
It is the motion of the bulk liquid in response to an applied electric field. The bulk liquid 
is usually made up of water molecules and they typically migrate towards the cathode. 
 
 
Fig 3.1 Electrokinetic phenomena. (a) Electroosmosis, (b) Streaming potential,  
(c) Electrophoresis, (d) Migration or Sedimentation potential 
[Mitchell, 1993 {18}] 
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 3.2.2 Electrophoresis 
Electrophoresis is the motion (relative to the bulk liquid) of charged colloidal particles or 
molecules suspended in a solution, upon the application of an electric field. 
Electrophoresis involves discrete particle transfer through water, whereas electroosmosis 
involves water transport through a continuous particle network. 
 
 
3.2.3 Streaming Potential 
Streaming potential is the electric potential that develops along a channel with charged 
walls when a liquid is driven using pressure forces.  
 
3.2.4 Sedimentation Potential 
Sedimentation potential is the electric potential that develops when charged colloidal 
particles are set in motion with respect to a stationary liquid. The driving force for this 
effect is typically gravity.  
 
3.2.5 Helmholtz-Smoluchowski Equations 
Several theories have been proposed in order to explain electrokinetic behavior and to 
provide a basis for a quantitative prediction of flow rates during the electrokinetics 
transport. Some popular theories are Helmholtz-Smoluchowski theory, Schmid theory, 
Spiegler friction model and Ion hydration theory. One of the earliest and widely used 
theoretical descriptions of the electrokinetics transport phenomenon is based on a model 
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presented earlier by Helmholtz and later refined by Smoluchowski. In the present study, 
electrokinetic transport refers to electroosmosis and electrophoresis. Electroosmosis 
requires the existence of a charged double layer at the solid liquid interface. The 
electroosmotic and electrophoretic transport velocities are given by the Helmholtz-
Smoluchowski equations.  
Helmholtz-Smoluchowski equations for the electroosmotic and electrophoretic velocities 
are given by equations (3.1) and (3.2) respectively. 
μ
ες xEO
EO
Eu −= .…… Eq. (3.1) 
μ
ες xEP
EP
Eu −= ……… Eq. (3.2) 
where,  uEO- Electroosmotic velocity, uEP - Electrophoretic velocity 
ε  - Permittivity; (ε  = ε 0D) 
EOς - Electroosmotic zeta potential, EPς - Electrophoretic zeta potential 
Ex  - Axial electric field 
μ  - Viscosity 
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3.3 Incorporating Set-up in Pile Design-Construction Process 
Accounting for set-up in pile design can result in using smaller hammers, smaller pile 
sections, shorter piles, higher capacities and therefore more economical installations than 
otherwise possible [Komurka, 2004]. 
 
SOIL SET-UP FACTORS 
( after Rausche et al., 1996 ) 
 
Predominant Soil 
Type Along Pile 
Shaft 
 
Range in 
Soil Set-up 
Factor 
 
Recommended 
Soil Set-up 
Factors* 
 
Number of Sites 
and ( Percentage 
of Data Base ) 
Clay 1.2 – 5.5 2.0 7 (15%) 
Silt - Clay 1.0 – 2.0 1.0 10 (22%) 
Silt 1.5 – 5.0 1.5 2 (4%) 
Sand - Clay 1.0 – 6.0 1.5 13 (28%) 
Sand - Silt 1.2 – 2.0 1.2 8 (18%) 
Fine - Sand 1.2 – 2.0 1.2 2 (4%) 
Sand 0.8 – 2.0 1.0 3 (7%) 
Sand - Gravel 1.2 – 2.0 1.0 4 (2%) 
* Confirmation with Local Experience Recommended 
Table. 3.1 Soil set-up factors (after Rausche et al., 1996) 
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While performing static analysis during the design stage of a project, set-up is 
incorporated in the form of set-up factors applied to the predicted end of drive capacity. 
Rausche, et.al. (1996) calculated general soil set-up factors based on the predominant soil 
type along the pile shaft. The soil set-up factor was defined as the static load test failure 
load divided by the end-of-drive wave equation capacity. These results are presented in 
Table 3.1. The database for this study was comprised of 99 test piles from 46 sites. The 
number of sites and the percentage of the database in a given soil condition is included in 
the table.  
During construction stage set-up can be incorporated in the following ways: 
A) Conduct pile loads tests, i.e. Static or Dynamic 
B) Use Empirical Equations in conjunction with pile load tests. 
 
3.4 Conducting Pile Load tests at Multiple Times 
Since many piles can be tested during initial driving or during restrike in one day, 
dynamic testing is an economical and a quick testing method. Also, since lot of time is 
lost in constructing a reaction system for top loaded static test, the first test on the pile is 
delayed by several days, during which some set-up has already occurred. So, static load 
tests are considered impractical to determine initial capacities with reasonable accuracy.  
To illustrate a method by which set-up distribution and magnitude may be determined, 
results from a pile driving program discussed in Hussein et al., 1993, is presented.  
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Square prestressed concrete piles (area =0.126 m2) were driven. Preliminary design loads 
were 900 KN, with an ultimate capacity of 1800 KN (FS = 2). Pile was accomplished 
with a differential acting hammer having a ram weight of 38 KN and a rated energy of 33 
KJ. Ten sheets of plywood were used as pile top cushions.  
Subsurface conditions were generally uniform consisting of 24 m of loose silty fine sand 
with SPT N-values less than 15. Below and at the pile tip elevations was either very 
dense fine sand or limestone. The water table was approximately 5 m below ground 
surface. Past experience in the same city indicated an increase in pile capacity after 
installation.  
The piles were restruck one day and also six weeks after initial installation. Dynamic pile 
testing using the PDA was performed during the installation and restrikes of all test piles 
to monitor pile driving and soil strength changes with time. Two proof static loading tests 
were also performed.  
End of driving static pile capacities (computed by PDA and CAPWAP) averaged 1850 
KN. The structural engineer and owner asked if pile ultimate capacities could be 
increased by 10%. Restrike testing on three of the piles one day after installation showed 
average pile capacities of 2000 KN, confirming the 10% increase. A proof static loading 
test was performed on one pile to verify pile bearing capacity. Approximately six weeks 
after installation, several piles were restruck and dynamically tested for pile capacity 
determination. Restrike capacities then averaged 2750 KN. Plots of pile top force and 
velocity histories along with CAPWAP analysis results are presented in Fig. 3.3 
including soil resistance distribution with simulated static loading test graphs of one day 
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and six week restrike of test pile 6. The engineer designed the foundation with an 
ultimate capacity of 2725 KN per pile and a proof static loading test was carried out for 
verification. This case illustrates the use of dynamic pile testing to quantify and 
incorporate the soil set-up effects to improve the foundation design. 
 
Fig 3.2  CAPWAP results of one day and 6 weeks restrikes ( Hussein, et al., 1993) 
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3.5 Empirical Equations for predicting Pile Set-up 
Several authors have developed equations or empirical relationships for quantifying pile 
set-up. The most popular empirical equation to predict pile set-up is presented by Skov 
and Denver (1988), which is given by Eq. (3.3). 
)][log(1
00 t
tA
Q
Qt += ……..Eq. (3.3)  
where,  Qt = Axial capacity at time t after driving, 
Q0 = Axial capacity at time t0 after driving, 
  A  = Constant, that depends on soil type, and 
 t0 = an empirical time value measured in days. 
In the above equation, t0 is the time at which the rate of excess porewater pressure 
dissipation becomes uniform. The value of t0 for cohesive and non-cohesive soils was 1.0 
and 0.5 days respectively. Similar computed values for the parameter ‘A’ are 0.6 and 0.2 
for cohesive and non-cohesive soils, respectively. It should be noted that determination of 
A, whether from the field data or data in literature, is a function of the value used for t0, 
and vice-versa; these 2 variables are not independent [Bullock, 1999]. 
It must also be noted that Eq. 3.3 was developed using a combined shaft and toe 
resistance. The majority of studies, which empirically determined recommended values 
of t0 and ‘A’ were also based on combined resistance data.  
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Equations presented by other prominent researchers are given by Eq. (3.4), (3.5) and (3.6) 
Huang (1988):    )))(log(1(236.0 max EOIDEOIDt QQtQQ −++= ……..Eq. (3.4)  
Svinkin (1996):  ……..Eq. (3.5a) {Upper Bound} 1.04.1 tQQ EOIDt =
    ……..Eq. (3.5b) {Lower Bound} 1.0025.1 tQQ EOIDt =
Guang-Yu (1988):  EOIDt QSQ )1375.0(14 += ……..Eq. (3.6) 
where,  Qmax = Maximum axial capacity, 
 Q14 = Axial capacity at 14 days after driving, 
QEOID = Axial capacity at end of initial driving, 
   St = Sensitivity of soil.   
Unlike the Skov and Denver relationship, these formulas all include the instantaneous 
capacity at the end of initial driving QEOID, which can be determined by dynamic 
monitoring. 
 
3.6 Significance of Electrokinetic Theory in Pile Set-up in Clay 
Discrete clay particles carry a net negative charge on their surfaces that influences and 
controls the particle environment. This surface charge can be developed in different 
ways, including the presence of broken bonds and due to isomorphous substitution 
[Mitchell 1993]. In dry clay, the negative charge is balanced by the exchangeable cations 
surrounding the particles being held by electrostatic attraction. When water is added to 
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clay, these cations and a few anions float around the clay particles forming a clay water 
electrolyte system. If an electrode is placed into such as electrolyte, the negatively 
charged clay particles start moving towards the positive electrode. 
When a steel pile is driven into a clayey soil, and an electric potential is applied to the 
clay-pile system, with the pile made to act as a positive electrode, the clay particles are 
attracted to the pile by electro-phoresis, and adhesion of these particles to the pile 
produces set-up. It is quite possible that this phenomenon might be happening at a very 
slow pace and a corresponding very low electric potential and results in natural ‘set-up’, 
whereby a pile gains capacity over a period of time, without any external source of 
electric voltage. 
 
 
 
40
Chapter IV 
MATERIALS & METHODOLOGY  
 
4.1 General Description of Project Approach 
On the basis of an extensive literature search and some promising preliminary tests, the 
scope of the current work was decided. Subsequently, a test program was prepared to 
meet the requirements of the project proposal. The program execution included activities 
like soil sample preparation, model pile manufacturing, construction of pile driving 
arrangement, pile driving, laboratory testing and establishing an accurate data acquisition 
system. Miscellaneous activities like construction of a water bath for specimen storage 
between testing events, maintaining records of soil properties like moisture content and 
temperature before every static load test, recording a time log of electric potential 
application for all appropriate specimen were also included in the research work. 
Subsequently, an attempt was made to understand the mechanism of pile set-up in 
cohesive soils by investigating the results obtained from laboratory testing. The validity 
of  the hypothesis that set -up in clay is a natural electrokinetic process was verified and 
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the possibility of accelerating the set-up process by an electrokinetic method was 
explored.  
 
4.2 Preliminary Tests 
In order to verify the feasibility of the proposed research, preliminary tests were 
conducted on two (2) pile- clay specimen. The material specifications for the preliminary 
tests are given in Table 4.1.  
Item Material Dimensions / Weight Manufacturer 
Pile Stainless Steel 
Hollow pipe 
Length = 9 in., Thk = 0.42 in. 
OD is 1 in. for a length of 3 in. 
and 0.5 in. for the remaining 6 in. 
Spee-D-Metals, 
Cleveland, OH. 
Soil 
Kaolinite 
Clay 
50 lb bag 
Feldspar Corporation, 
Atlanta, GA 
Electrode Stainless Steel Solid ¼ inch dia. rods Machine Shop, CSU 
 
Table 4.1 Specifications of Materials used during Preliminary Tests 
 
42
The procedure followed in preparing the kaolinite sample was similar to the one for 
Standard Proctor Test, ASTM D-698. The soil was compacted in a mold with a diameter 
of 4 inches and a height of 6.5 inches (including the collar). The soil was mixed with34% 
by weight of water and then compacted in four equal layers by a hammer that delivered 
25 blows to each layer. The hammer had a mass of 2.5 kg (5.5 lb) and a drop of 12 
inches. Fig. 4.1 shows a sketch of the mold and the hammer that was used. The 1 inch 
diameter stainless steel pile was then driven into the center of the clay sample by lightly 
tapping it. Fig 4.2 shows the steel pile used for preliminary testing. 
               
Fig 4.1 Sketch showing metal mold and hammer used during Preliminary Tests 
Utmost care was taken during pile driving in order to avoid the formation of vibration 
cracks in clay. The mould was then covered with a rubber pad to prevent moisture loss 
due to evaporation. Fig. 4.3 shows a typical clay-pile specimen arrangement. The 
specimen was then kept in a covered tub partially filled with water. This arrangement was 
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helpful in maintaining the moisture content of the soil sample throughout the testing 
period. 
 
Fig. 4.2 Stainless steel pile and electrodes (Preliminary Tests) 
 
Fig. 4.3 Clay-Pile Specimen 
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The two specimen to be tested were statically loaded using the tri-axial testing machine 
on Days 0, 1, 3, 8, 16, 22, 31 and 46 after the end of initial driving.  A rapid moisture 
content test was conducted before every static load test. An electric gradient of 30 Volts 
D.C. was applied to Specimen A, between static load tests, Day 3 onwards.  
Both specimens were subjected to Electrochemical Impedance Spectroscopy using the 
Zahner IM6 Impedance Analyzer on Day 3 and Day 8 after the end of initial driving.  
 
4.3 Extended Test Plan 
A test program that was a logical extension to the preliminary testing sequence was 
prepared in order to achieve the goals of the proposed research is tabulated in Table 4.2.  
Static load tests were scheduled to be done on days 0, 1, 3, 7, 14, 21, 35, 42, 49, 56 and 
63. Specimens P1 to P8 constitute soil samples containing a mixture of sand and kaolinite 
clay. The clay content of soil samples is mentioned in column 2 of the table. Column 3 
describes the moisture content, while column 4 states DC voltages that were applied to 
the respective samples between static load tests, beginning from day 3. The test program 
was developed with an objective to compare the pile capacity values between the 
following: 
a) Specimens subjected to electric voltage versus those which were not. 
b) Specimens subjected to different DC potential values. 
c) Specimens with different clay content. 
d) Specimens with different moisture content. 
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 P1 50 35 0
P2 50 35 0
P3 50 35 30
P4 50 35 30
P5 25 12 0
P6 25 12 30
P7 25 17 0
P8 25 17 30
P9 100 40 0
P10 100 40 0
P11 100 40 1
P12 100 40 1
P13 100 40 10
P14 100 40 30
P15 100 40 30
P16 100 40 10
P17 100 35 0
P18 100 35 0
P19 100 35 30
P20 100 35 30
Specimen
 Clay    
Content  
(%)
Moisture 
Content  
(%)
 D.C.  
Voltage   
(Volts)
 
Table 4.2 Test program details 
 
4.4  Extended Tests 
4.4.1 Material Specification 
Useful suggestions made by committee members during the proposal defense led to some 
valuable changes in various items and procedures followed during preliminary testing. 
These changes are presented and discussed in the following sections of this chapter.  
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Item Material Dimensions / Weight Manufacturer 
Pile Stainless Steel 
Solid pipe 
Length = 14.65 in. 
Top 8 inches: ½” dia. 
Middle 6 inches: ¾” dia. 
Bottom solid cone: ¾” dia. , 0.65” ht 
Aspect Ratio: 9 
Spee-D-Metals, 
Cleveland, OH. 
Soil 
Kaolinite 
Clay 
50 lb bag 
Feldspar 
Corporation, 
Atlanta, GA 
Sand 50 lb bag Silica sand #1 
Electrode Stainless Steel Solid ¼ inch dia. rods Machine Shop, CSU
 
Table 4.3 Specifications of Materials  
EPK Kaolin clay, was used in this research. A detailed material specification for the EPK 
kaolinite clay in terms of its physical, ceramic, chemical and casting properties is 
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presented in Appendix A. The specifications for all other materials used in the project are 
given in Table 4.3. 
The aspect ratio, i.e. the ratio of length of the pile to the diameter of the pile was 
increased by increasing the test length of the pile from 3 inches to 6 inches and reducing 
its diameter from 1 in. to ¾” in. A solid stainless steel pipe section with a solid conical 
bottom as shown in Fig 4.4 was preferred over the earlier hollow pipe in order to 
eliminate plugging effect of the soil sample. Twenty such pile segments were 
manufactured at M/s Spee-D-Metals in Cleveland, OH. 
 
Fig. 4.4 Stainless steel pile 
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4.4.2 Sample Preparation 
The procedure followed to prepare the soil sample was similar to the one for Standard 
Proctor Test, ASTM D-698. The soil was compacted in a PVC mold with a diameter of 6 
inches and a height of 12 inches. Due to the additional height of the mold, the specimens 
could be tested over a longer period of time resulting in more experimental data.   
Twenty soil samples with different sand-clay proportions and moisture contents were 
prepared on the basis of the test plan, as discussed in the previous section. (Refer Table 
4.2) The soil was mixed with the appropriate percentage by weight of water and then 
compacted in four equal layers by a hammer that delivered 25 blows to each layer. The 
hammer had a mass of 2.5 kg (5.5 lb) and a drop of 12 inches.  
4.4.3 Pile Driving Arrangement 
During preliminary testing, piles were driven into the soil sample by lightly tapping the 
pile head. This was a very non-uniform and crude form of driving mechanism. In order to 
make the driving sequence more uniform, a pile driving arrangement was constructed. A 
schematic diagram of the manually operated pile driving arrangement is shown in fig 4.5. 
The arrangement consisted of a solid platform base and a hammer and collar assembly. 
The platform was necessary to hold the soil sample in place during the event of driving. 
The hammer and collar assembly was functional in achieving correct pile alignment and 
uniform pile driving.  
Some challenges that were encountered and that had to be addressed during the design 
and construction of the pile driving arrangement were as follows: 
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 Fig 4.5 Schematic diagram of pile driving arrangement in laboratory 
• The weight, size and length of the hammer ram were determined by a trial and 
error method. The design of the collar was dependant on the size and weight of 
the ram.  
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• The purpose of the collar was to avoid simultaneous movement of the ram and the 
pile, while the ram was raised to a known drop height. So it had to act like a 
separator between the ram and the pile. At the same time, the collar had to be 
always in contact with the pile and move with it during the entire event of driving. 
• The soil specimen, the pile, and the hammer and collar arrangement had to 
maintain individual as well as relative positions during the driving sequence in 
order to obtain an accurate pile alignment and uniform driving. This was achieved 
by constructing a support frame structure fabricated from solid steel rods and 
metal plates. 
The hammer ram was manually raised to a fixed drop height using a rope and pulley 
assembly, and released so that it fell under the influence of gravity. Several blows were 
needed to drive the pile six inches into the ground.  
The amount of energy needed to drive the pile was recorded, in the form of the hammer 
weight, number of blows and the drop height. The weight of the hammer ram was 
constant and approximately equal to 1.7 kg (3.75 lbs). So a drop height of 3 inches 
induced an energy in the amount of 0.94 lb-ft for each hammer blow. 
Twenty ¾” diameter stainless steel piles were driven into the center of soil samples 
prepared earlier, thus creating twenty soil-pile specimens ready for testing. The day on 
which the piles were driven was termed as ‘Day 0’ on the time log. Day 0 can also be 
defined as the day that marks the completion of the end of initial drive (EOID) event, a 
term which is a widely used in pile driving. Fig 4.6 shows a photographic view of a 
typical clay pile specimen, ready for testing. 
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 Fig 4.6 Clay pile specimen for extended tests 
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Steel Electrodes 3/4” N 
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Fig 4.7  Sketch showing Cross-section of Clay Pile Specimen with Electrodes 
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Three ¼” diameter solid stainless steel rods with an approximate length of 14” were 
driven into those specimens which were going to be subjected to an electric voltage. 
These rods that were going to act as electrodes were equally spaced around the pile and at 
approximately 1.5” from the pile surface, as shown in Fig 4.7.These steel pile-clay 
specimens were covered with plastic secured by a rubber band at all times, to minimize 
the effect of loss of moisture content due to evaporation.  
4.4.4 Water bath Storage 
An aluminum water tank that was used to store specimens between testing events, in 
order to reduce moisture losses due to evaporation is shown in Fig 4.8. The tank was 
partially filled with water and covered with a thick polythene cover at all times. 
 
 
Fig 4.8 Water bath Storage 
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4.5 Laboratory Tests 
The aim of conducting laboratory tests was to help understand the mechanism of soil set-
up in cohesive soils and explore the possibility of expediting it using electrokinetics. The 
other purpose to conduct these tests was to verify the validity of the hypothesis that 
natural set-up in cohesive is an electrokinetics process.  
The following tests were performed on the specimens in the geotechnical engineering 
laboratory at Cleveland State University: 
a) Static Load Test 
b) Application of  Electric Potential, based on Test Program 
c) Electrochemical Impedance Spectroscopy Analysis 
d) Moisture Content Determination 
e) Temperature Monitoring  
4.5.1 Static Load Test  
The specimens to be tested were statically loaded using the loading frame of the ELE tri-
axial testing machine. The test arrangement consists of a hydraulic loading platform to 
which a load cell (ELE Spec No. 27-1571) and penetrometer (ELE Spec No.27-1617) 
were attached. The load cell and penetrometer is connected to a ADU 8 channel 
datalogger, which is further connected to a CPU which is programmed to dynamically 
read, tabulate and plot the load versus penetration graph for each specimen. The testing 
arrangement of the static load test is shown in Fig 4.9.  
The static loading sequence was performed in accordance with ASTM D-1143 with a 
constant rate of displacement of 1mm/minute. 
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Fig 4.9 Static Load Test  
4.5.2 Application of Electric Potential 
Three 1/4 inch diameter solid stainless steel rods acting as electrodes were driven into the 
specimen, midway between the pile and the mould, at a radius of 2 inches from the centre 
of the mold. The positive terminal of the DC voltage source was connected to the pile, 
and the negative terminal was connected to the three electrode assembly. The DC voltage 
source applied a constant voltage across the specimen for a desired time period. The test 
program requirement made it mandatory that at least three voltage sources, which could 
apply 1V, 10 V and 30 V on different specimen, be used simultaneously. The setup for 
this experiment is shown in fig 4.10. A log was maintained to record the durations of 
application of electric gradient. 
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 Fig 4.10 Application of a DC Potential to the specimen 
4.5.3 Electrochemical Impedance Spectroscopy Analysis 
Electrochemical Impedance Spectroscopy was performed using the Zahner IM6 
Impedance Analyzer. The working electrode was connected to the pile while the counter 
electrode was connected to the 3 electrodes driven into the specimen. Fig. 4.11 shows the 
experimental arrangement required to perform this test.  
A small excitation AC voltage of the order of 1mV was applied, and the response of the 
clay-pile system over a range of frequencies was displayed as impedance spectra in the 
form of Bode and Nyquist plots. 
 
56
 Fig 4.11 Experimental Arrangement for Electrochemical Impedance Spectroscopy 
4.5.4 Moisture Content Determination 
A rapid moisture content test was conducted on every specimen on all test days before 
performing a static load test.  
 
Fig 4.12 Rapid moisture content detector 
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The rapid moisture content detector shown in Fig 4.12, oven dried the soil sample in 15 
minutes as opposed to a 16 to 24 hour drying time in case of a regular moisture content 
determination test, and read the absolute value of the moisture content in terms of a 
percentage on an LCD screen. The moisture content test was performed in accordance 
with ASTM D4959. 
4.5.5 Temperature Monitoring  
The temperature of the specimens was monitored on a regular basis, especially during the 
event application of electric gradient. A metallic probe digital thermometer was used to 
record temperatures. The digital thermometer was kept inserted into the clay specimen 
for a period of 5 minutes for every testing sequence. 
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Chapter V 
RESULTS & DISCUSSIONS 
 
5.1 Overview 
The results obtained during the preliminary and extended laboratory testing are presented 
and discussed in this Chapter. The effect of moisture content and clay content on pile set-
up are addressed and discussed. For predicting pile set-up in kaolinite clay and also the 
effect of electrokinetics was developed. The validity of hypothesis regarding pile set-up 
was verified and discussed in this chapter. 
 
5.2 Preliminary Test Results 
Two kaolinite clay steel-pile specimen were prepared in accordance with the method 
explained in Section 4.2. Subsequently, laboratory testing was performed on the basis of 
a preliminary test program. The two specimens to be tested were statically loaded using 
the tri-axial testing machine on Days 0, 1, 3, 8, 16, 22, 31 and 46 after the end of initial 
driving.  A rapid moisture content test was conducted before every static load test. An 
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electric voltage of 30 Volts D.C. was applied to Specimen A, between static load tests, 
Day 3 onwards. Specimen B was not connected to any voltage source, and hence was 
allowed to achieve set-up as a natural process. Static load test results are presented in 
tabular and graphical form in the next few pages. 
Load versus penetration graphs for all test days are shown in Fig 5.1 and Fig 5.2.  At day 
3, pile capacities of both specimens are almost identical (i.e. 239 N for Spec A and 244 N 
for Spec B). It can be seen from these graphs that Day 3 onwards, there was substantial 
increase in the pile static capacity values of Specimen A as compared to Specimen B. An 
electric gradient of 30/1.5 Volts was applied to Specimen A for a duration of 100 hours 
between Day 3 and Day 8, and the resulting pile capacity values at the end of Day 8 were 
693 N and 293 N for Specimens A and B, respectively. Further application of electric 
voltage to Specimen A for a cumulative duration of 443 hours resulted in capacities of 
1937 N and 419 N for Specimens A and B at the end of Day 31. Fig 5.3 shows a graph of 
Load required for a 3 mm penetration versus time. A graph showing load versus electric 
voltage application duration is shown in Fig 5.4.  
The moisture contents of both specimens were approximately 34% at the beginning of the 
testing sequence, and showed a variation of approximately ±5% during the course of the 
testing period. 
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Results obtained from preliminary tests confirmed the feasibility of the research proposal 
and paved the way for an extended research, and can be summarized as follows: 
• Specimen A, after being subjected to an electric voltage of 30 V, for a duration of 
100 hours, gained pile capacity 9 times more than Specimen B, which was 
allowed to achieve natural set-up.  
• Moisture contents of Specimens A and B did not alter substantially during the 
course of the testing period 
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PRELIMINARY TEST DATA
A B
34 34
30 0
DAY
Disp 'mm' A B A B A B A B A B A B A B A B
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
1 85 151 143 176 197 210 702 229 1126 265 1218 303 1521 387 819 429
2 108 171 185 199 218 228 713 243 1164 279 1201 315 1933 405 1558 466
3 127 185 203 210 227 235 693 249 1155 286 1226 324 1918 412 1789 489
4 143 195 216 218 235 239 251 293 1937 419 2029 508
5 157 206 225 223 239 244
6 169 216 231 227
7 179 223 237 231
8 190 231
Table 5.1  Load versus penetration data obtained on all test days 
Load required for 3 mm penetration
Day A B
0 127 185
1 203 210
3 227 235
8 693 249
16 1155 286
22 1226 324
31 1918 412
46 1789 489
Table 5.2  Load required for 3 mm penetration
16 22 31 46
Load in 'N'
Mois.Con.
DC Volt
Specimen
0 1 3 8
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PRELIMINARY TEST DATA
( a ) ( b )
( c ) ( d )
Fig 5.1  Load versus penetration graphs: ( a ) Day 0; ( b ) Day 1; ( c ) Day 3; ( d ) Day 8
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PRELIMINARY TEST DATA
( a ) ( b )
( c ) ( d )
Fig 5.2  Load versus penetration graphs: ( a ) Day 16; ( b ) Day 22; ( c ) Day 31; ( d ) Day 46
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PRELIMINARY TEST DATA
Fig 5.3  Load required for 3 mm penetration versus Time
Fig 5.4  Graph showing Load v/s Electric Voltage Duration
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5.3 Electrochemical Impedance Spectroscopy 
Specimens A and B were subjected to Electrochemical Impedance Spectroscopy (EIS) 
using the Zahner IM6 Impedance Analyzer on Day 3 and Day 8 after the end of initial 
driving. The working electrode was connected to the pile while the counter electrode was 
connected to the 3 electrodes driven into the specimen. A small excitation AC voltage of 
the order of 1mV was applied, and the response of the clay-pile system over a range of 
frequencies was displayed as impedance spectra in the form of Bode and Nyquist plots. 
Output obtained from the Impedance Analyzer is shown as Figs 5.5 - 5.16, in the next 
few pages.  
The EIS output for individual specimen corresponding to a particular day of testing 
consists of three graphs. The first graph also known as a Bode plot shows the variation of 
the impedance and phase angle with respect to frequency on the x-axis. It also displays 
the excitation AC voltage in a small box on the right hand side. A much more refined plot 
of the impedance versus the frequency with the addition of a curve fitting the measured 
data points is shown in the second graph.  The third graph also referred to as an Nyquist 
plot shows a variation of the imaginary versus the real part of the measured impedance. A 
semi-circle, a vertical line or a combination of both are most common forms of Nyquist 
plots. Other standard Nyquist plots often contain several semi-circles, and sometimes 
only a portion of a semi-circle is seen. But, considering the complexity of the kaolinite 
clay-water electro-chemical cell, none of the standard plots, nor any sensible consistency, 
similarity or difference was observed in the graphs. Hence, no valid and logical 
conclusions could be derived from the electro-chemical impedance spectroscopy results. 
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PRELIMINARY TEST DATA
Fig 5.5 Impedance and Phase v/s Frequency Graph for Specimen A on Day 3
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PRELIMINARY TEST DATA
Fig 5.6 Impedance v/s Frequency Graph for Specimen A on Day 3
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PRELIMINARY TEST DATA
Fig 5.7  Nyquist Plot for Specimen A on Day 3
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PRELIMINARY TEST DATA
Fig 5.8  Impedance and Phase v/s Frequency Graph for Specimen B on Day 3
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PRELIMINARY TEST DATA
Fig 5.9 Impedance v/s Frequency Graph for Specimen B on Day 3
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PRELIMINARY TEST DATA
Fig 5.10 Nyquist Plot for Specimen B on Day 3
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PRELIMINARY TEST DATA
Fig 5.11  Impedance and Phase v/s Frequency Graph for Specimen A on Day 8
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PRELIMINARY TEST DATA
Fig 5.12 Impedance v/s Frequency Graph for Specimen A on Day 8
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PRELIMINARY TEST DATA
Fig 5.13  Nyquist Plot for Specimen A on Day 8
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PRELIMINARY TEST DATA
Fig 5.14  Impedance and Phase v/s Frequency Graph for Specimen B on Day 8
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PRELIMINARY TEST DATA
Fig 5.15 Impedance v/s Frequency Graph for Specimen B on Day 8
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PRELIMINARY TEST DATA
Fig 5.16  Nyquist Plot for Specimen B on Day 8
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5.4 Extended Research Results 
Twenty (20) soil-pile specimens were prepared for testing, and were denoted as P1, 
P2…P20. Table 5.3 shows important information about these specimens in terms of their 
moisture content, sand-clay proportions and the applied electric gradient. 
These 20 specimens can be classified into five (5) categories as follows: 
1) 50-50 sand-clay proportion with 35% moisture content: Specimens P1, P2, P3 and 
P4. 
2) 75-25 sand-clay proportion with 12% moisture content: Specimens P5 and P6. 
3) 75-25 sand-clay proportion with 17% moisture content: Specimens P7 and P8. 
4) 100% clay with 40% moisture content: Specimens P9, P10, P11, P12, P13, P14, 
P15 and P16. 
5) 100% clay with 35% moisture content: Specimens P17, P18, P19 and P20. 
Static load tests were scheduled to be done on days 0, 1, 3, 7, 14, 21, 35, 42, 49, 56 and 
63. Due to some technical problems with the load cell used in the loading frame, static 
load testing was terminated at Day 28. Two more sets of data were taken on Day 252 and 
Day 256 after the end of initial driving. 
Test data taken on Days 0, 1 , 3, 7, 14, 21, 28, 42, 252 and 256 are presented in Tables 
5.4, 5.5, 5.6, 5.7, 5.8, 5.9, 5.10, 5.11, 5.12 and 5.13 respectively. Graphical representation 
of test data in terms of Load in ‘N’ versus pile penetration in ‘mm’ is shown in Figures 
5.17 to 5.34, in the following pages.  
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Static load tests were terminated at the point when the specimens shows no further signs 
of increase in load for two or three consecutive increments of pile penetration. The 
maximum stable load attained by each specimen on all test days is tabulated in Table 
5.14. 
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PILE SET-UP EXPERIMENTAL DATA
P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 P11 P12 P13 P14 P15 P16 P17 P18 P19 P20
Mois.Con. 35 35 35 35 12 12 17 17 40 40 40 40 40 40 40 40 35 35 35 35
DC Volt 0 0 30 30 0 30 0 30 0 0 1 1 10 30 30 10 0 0 30 30
% Sand 50 50 50 50 75 75 75 75 0 0 0 0 0 0 0 0 0 0 0 0
#  Blows 0 0 0 10 10 65 0 8 63 102 80 123 177 110 110 147 438 300 336 325
Table 5.3 Specimen Information
Disp 'mm'
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
1 10 11 21 27 24 130 2 6 67 132 74 99 128 128 116 105 326 282 244 242
2 11 11 23 31 41 147 2 6 74 137 85 104 128 129 127 120 330 291 250 258
3 11 11 23 32 47 155 2 6 78 141 90 107 128 128 130 128 332 296 250 267
4 32 50 160 2 8 82 141 92 111 132 132 333 296 250 274
5 55 164 10 82 142 95 111 136 134 334 300 279
6 55 167 11 97 137 137 300 288
7 172 11 99 137 292
8 176 11 99 300
9 11 307
10 313
Day 0 11 11 23 32 55 176 2 11 82 142 99 111 128 128 137 137 334 300 250 313
Table 5.4 Load versus penetration data taken on Day 0
Disp 'mm'
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
1 15 19 32 37 71 174 1 11 90 153 103 116 128 132 145 153 325 321 276 355
2 15 19 32 37 71 186 1 13 94 153 104 117 128 132 145 153 330 326 276 363
3 15 19 32 37 189 1 15 95 153 107 117 128 145 153 332 326 276 372
4 193 1 14 95 107 334 377
5 193 2 15 334 384
6 2 15 393
7 15 397
8 15
9
10
Day1 15 19 32 37 71 193 2 15 95 153 107 117 128 132 145 153 334 326 276 397
Table 5.5 Load versus penetration data taken on Day 1
Load in 'N'
Day 0
Day 1
Load in 'N'
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PILE SET-UP EXPERIMENTAL DATA
Disp 'mm'
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
1 25 29 43 48 84 200 4 20 113 168 126 134 139 148 164 176 324 345 284 408
2 25 29 42 46 89 206 5 21 113 168 130 134 139 147 164 176 329 345 284 416
3 25 29 42 46 92 210 6 21 113 130 134 139 147 162 176 332 345 284 420
4 92 210 6 334 426
5 6 335 433
6 438
7
8
9
10
Day 3 25 29 42 46 92 210 6 21 113 168 130 134 139 147 162 176 335 345 284 438
Table 5.6 Load versus penetration data taken on Day 3
Disp 'mm'
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
1 25 31 252 231 115 1244 4 355 126 178 138 143 139 307 345 190 292 357 521 647
2 25 29 244 235 118 1611 4 349 126 176 134 143 139 287 340 190 328 357 584 660
3 25 29 244 239 118 1773 4 345 126 176 134 143 141 274 336 190 332 357 562 649
4 234 1800 6 345 142 333 542 641
5 8 142 334 534
6 8
7
8
9
10
 Day 7 25 29 244 234 118 1800 8 345 126 176 134 143 142 274 336 190 334 357 534 641
Table 5.7 Load versus penetration data taken on Day 7
Day 7
Load in 'N'
Day 3
Load in 'N'
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PILE SET-UP EXPERIMENTAL DATA
Disp 'mm'
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
1 26 34 265 227 142 2515 4 328 139 197 160 163 155 248 370 214 345 378 498 613
2 25 34 263 218 143 2521 4 336 139 193 159 160 155 248 366 210 349 374 504 618
3 25 34 263 212 146 4 333 139 193 157 160 155 248 357 207 352 371 504 617
4 206 148 5 340 155 353 206 353 370
5 205 151 6 155 349
6 155 8 345
7 160 8
8 164
9 168
10 172
 Day 14 25 34 263 205 172 2521 8 340 139 193 155 160 155 248 345 206 353 370 504 617
Table 5.8 Load versus penetration data taken on Day 14
Disp 'mm'
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
1 34 42 261 286 8 500 151 206 191 197 239 454 737 500 340 378 728 1052
2 29 38 265 264 8 479 147 202 189 192 227 454 765 384 342 378 739 1064
3 29 38 269 252 12 471 147 199 188 189 223 445 739 370 345 378 705 1038
4 265 253 12 458 197 185 189 218 436 708 358 345 689 1000
5 250 10 478 193 185 218 432 674 352 695 963
6 479 193 429 648 345 697 947
7 424 628 344 929
8 420 914
9
10
Day 21 29 38 265 250 10 479 147 193 185 189 218 420 628 344 345 378 697 914
Table 5.9 Load versus penetration data taken on Day 21
Day 14
Load in 'N'
Day 21
Load in 'N'
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PILE SET-UP EXPERIMENTAL DATA
Disp 'mm'
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
1 29 41 374 563 202 2596 8 643 164 214 239 235 345 412 571 416 353 395 685 1014
2 29 38 387 450 207 2550 8 622 160 212 234 231 328 416 601 419 355 395 653 1017
3 29 38 369 352 210 2555 8 626 160 209 231 227 315 429 606 416 357 395 647 1029
4 366 334 211 2550 12 643 206 227 227 315 437 606 357 651 1038
5 333 214 647 206 227 434 639 1021
6 218 437 639 1017
7 218 638 1017
8
9
10
Day 28 29 38 366 333 218 2550 12 647 160 206 227 227 315 437 606 416 357 395 638 1017
Table 5.10 Load versus penetration data taken on Day 28
Disp 'mm'
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
1 42 46 626 782 8
2 42 46 647 739 8
3 42 46 647 706 11
4 660 13
5 660 13
6 14
7 17
8
9
10
 Day 42 42 46 647 660 17
Table 5.11 Load versus penetration data taken on Day 42
Day 28
Load in 'N'
Day 42
Load in 'N'
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PILE SET-UP EXPERIMENTAL DATA
Disp 'mm'
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
1 126 108 717 754 940 3627 45 1176 369 462 524 571 866 811 960 564 580 567 874 991
2 121 105 730 743 876 3693 47 1199 362 440 534 588 856 839 903 700 574 556 977 1174
3 121 100 717 736 850 3744 50 1212 359 420 565 588 854 861 886 721 570 545 992 1241
4 99 703 728 823 3777 53 1223 357 401 570 852 875 886 735 566 540 1041 1200
5 99 690 700 824 3832 53 1271 357 389 580 850 882 742 566 537 1071 1200
6 690 700 3854 1310 378 580 848 900 740 537 1112
7 3927 1341 368 847 900 1163
8 3954 1341 359 847 1192
9 4000 351 1212
10 4069 351 1212
Day 252 121 99 690 700 824 4517 53 1341 357 351 580 588 847 900 886 740 566 537 1212 1200
Table 5.12 Load versus penetration data taken on Day 252
Disp 'mm'
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
1 131 105 646 720 1013 3076 50 1348 386 402 686 645 647 697 782 582 563 550 1054 1053
2 126 101 683 728 998 3775 57 1481 386 393 694 646 700 753 869 652 569 557 1144 1134
3 126 100 693 741 982 3854 59 1535 378 669 643 730 807 928 703 570 557 1167 1154
4 100 693 708 977 3917 63 1587 372 650 643 752 845 987 760 575 557 1196 1180
5 708 965 3929 66 1586 364 650 767 873 1000 760 578 1239 1209
6 956 4003 68 1586 361 782 903 1000 583 1264 1225
7 945 4001 72 360 801 924 588 1264 1221
8 945 4006 74 357 817 943 588 1222
9 4060 84 361 851 960
10 4100 84 361 851 960
 Day 256 126 100 693 708 945 4620 84 1596 386 361 650 643 851 960 1000 760 588 557 1264 1222
Table 5.13 Load versus penetration data taken on Day 256
Day 252
Load in 'N'
Day 256
Load in 'N'
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PILE SET-UP EXPERIMENTAL DATA [ DAY 0 ] 
( a ) ( b)
( c ) ( d )
Fig 5.17 Load versus Penetration Graphs on DAY 0 : ( a ) Sand Clay Mix 50-50; ( b ) & ( c ) Sand Clay Mix 75-25; ( d ) Clay
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PILE SET-UP EXPERIMENTAL DATA [ DAY 0 ] 
Fig 5.18 Load versus Penetration Graph for Clay with 40 % Moisture Content on DAY 0
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PILE SET-UP EXPERIMENTAL DATA [ DAY 1 ] 
( a ) ( b )
( c ) ( d )
Fig 5.19 Load versus Penetration Graphs on DAY 1 : ( a ) Sand Clay Mix 50-50; ( b ) & ( c ) Sand Clay Mix 75-25; ( d ) Clay
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PILE SET-UP EXPERIMENTAL DATA [ DAY 1 ] 
Fig 5.20 Load versus Penetration Graph for Clay with 40 % Moisture Content on DAY 1
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PILE SET-UP EXPERIMENTAL DATA [ DAY 3 ] 
( a ) ( b )
( c ) ( d )
Fig 5.21 Load versus Penetration Graphs on DAY 3 : ( a ) Sand Clay Mix 50-50; ( b ) & ( c ) Sand Clay Mix 75-25; ( d ) Clay
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PILE SET-UP EXPERIMENTAL DATA [ DAY 3 ] 
Fig 5.22 Load versus Penetration Graph for Clay with 40 % Moisture Content on DAY 3
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PILE SET-UP EXPERIMENTAL DATA [ DAY 7 ] 
( a ) ( b )
( c ) ( d )
Fig 5.23 Load versus Penetration Graphs on DAY 7 : ( a ) Sand Clay Mix 50-50; ( b ) & ( c ) Sand Clay Mix 75-25; ( d ) Clay
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PILE SET-UP EXPERIMENTAL DATA [ DAY 7 ] 
Fig 5.24 Load versus Penetration Graph for Clay with 40 % Moisture Content on DAY 7
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PILE SET-UP EXPERIMENTAL DATA [ DAY 14 ] 
( a ) ( b )
( c ) ( d )
Fig 5.25 Load versus Penetration Graphs on DAY 14 : ( a ) Sand Clay Mix 50-50; ( b ) & ( c ) Sand Clay Mix 75-25; ( d ) Clay
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PILE SET-UP EXPERIMENTAL DATA [ DAY 14 ] 
Fig 5.26 Load versus Penetration Graph for Clay with 40 % Moisture Content on DAY 14
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PILE SET-UP EXPERIMENTAL DATA [ DAY 21 ] 
( a ) ( b )
  ( c )
Fig 5.27 Load versus Penetration Graphs on DAY 21 : ( a ) Sand Clay Mix 50-50; ( b ) Sand Clay Mix 75-25; ( c ) Clay
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PILE SET-UP EXPERIMENTAL DATA [ DAY 21 ] 
Fig 5.28 Load versus Penetration Graph for Clay with 40 % Moisture Content on DAY 21
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PILE SET-UP EXPERIMENTAL DATA [ DAY 28 ] 
( a ) ( b )
( c ) ( d )
Fig 5.29 Load versus Penetration Graphs on DAY 28 : ( a ) Sand Clay Mix 50-50; ( b ) & ( c ) Sand Clay Mix 75-25; ( d ) Clay
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PILE SET-UP EXPERIMENTAL DATA [ DAY 28 ] 
Fig 5.30 Load versus Penetration Graph for Clay with 40 % Moisture Content on DAY 28
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PILE SET-UP EXPERIMENTAL DATA [ DAY 252 ] 
( a ) ( b )
( c ) ( d )
Fig 5.31 Load versus Penetration Graphs on DAY 252 : ( a ) Sand Clay Mix 50-50; ( b ) & ( c ) Sand Clay Mix 75-25; ( d ) Clay
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PILE SET-UP EXPERIMENTAL DATA [ DAY 252 ] 
Fig 5.32 Load versus Penetration Graph for Clay with 40 % Moisture Content on DAY 252
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PILE SET-UP EXPERIMENTAL DATA [ DAY 256 ] 
( a ) ( b )
( c ) ( d )
Fig 5.33 Load versus Penetration Graphs on DAY 256 : ( a ) Sand Clay Mix 50-50; ( b ) & ( c ) Sand Clay Mix 75-25; ( d ) Clay
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PILE SET-UP EXPERIMENTAL DATA [ DAY 256 ] 
Fig 5.34 Load versus Penetration Graph for Clay with 40 % Moisture Content on DAY 256
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PILE SET-UP EXPERIMENTAL DATA
Day P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 P11 P12 P13 P14 P15 P16 P17 P18 P19 P20
0 11 11 23 32 55 176 2 11 82 142 99 111 128 128 137 137 334 300 250 313
1 15 19 32 37 71 193 2 15 95 153 107 117 128 132 145 153 334 326 276 397
3 25 29 42 46 92 210 6 21 113 168 130 134 139 147 162 176 335 345 284 438
7 25 29 244 234 118 1800 8 345 126 176 134 143 142 274 336 190 334 357 534 641
14 25 34 263 205 172 2521 8 340 139 193 155 160 155 248 345 206 353 370 504 617
21 29 38 265 250 10 479 147 193 185 189 218 420 628 344 345 378 697 914
28 29 38 366 333 218 2550 12 647 160 206 227 227 315 437 606 416 357 395 638 1017
42 42 46 647 660 17
252 121 99 690 700 824 4517 53 1341 357 351 580 588 847 900 886 740 566 537 1212 1200
256 126 100 693 708 945 4620 84 1596 386 361 650 643 851 960 1000 760 588 557 1264 1222
Table 5.14  Summary of Maximum Stable Loads on all Test Days
Maximum Stable Load in 'N'
Summary Table
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5.4.1 Natural versus Electrokinetic Pile Set-up 
A comparison of pile capacities of specimens that were subjected to an electric voltage 
versus those that were not, are shown in the form of graphs. Please refer Figures 5.35, 
5.36, 5.37, and 5.38. The comparisons made in four out of five individual categories are 
as follows:  
5.4.1.1   Category 1: 50:50 Sand Clay Proportion 
Specimens P3 and P4 were subjected to an electric voltage of 30 Volts D.C., and 
Specimens P1 and P2 were allowed achieve set-up naturally, i.e. they were not subjected 
to any electric gradient. The average pile capacity of Specimens P1 and P2 at Day 256 
was 113 N. Specimens P3 and P4 attained an average value of 701 N during the same 
period. Hence, a percentage increase of 520% was observed in this category. 
5.4.1.2   Categories 2 and 3: 75:25 Sand Clay Proportion 
Specimens P6 and P8 were subjected to an electric voltage of 30 Volts D.C., and 
Specimens P5 and P7 were allowed achieve set-up naturally. A percentage increase in 
pile capacity of 388% was observed on Day 256 in Category 2. 
5.4.1.3   Category 5: Clay 
Specimens P19 and P20 were subjected to an electric voltage of 30 Volts D.C., and 
Specimens P17 and P18 were allowed achieve set-up naturally. The average pile capacity 
of Specimens P17 and P18 at Day 256 was 573 N. Specimens P19 and P20 attained an 
average value of 1243 N during the same period. Hence, a percentage increase of 117% 
was observed in this category. 
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5.4.1.4  Discussion 
The average percentage increase in pile capacity of specimens that were subjected to 
electric gradient versus those that were not, for Categories 1, 2 and 5, which constitute a 
sand clay proportion of 50-50, 75-25 and 0-100, respectively, were 520%, 388% and 
117%. Hence, pile set-up can be expedited and increased by using electrokinetics.  
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PILE SET-UP EXPERIMENTAL DATA
Day P1 P2 P3 P4
0 11 11 23 32
1 15 19 32 37
3 25 29 42 46
7 25 29 244 234
14 25 34 263 205
21 29 38 265 250
28 29 38 366 333
42 42 46 647 660
252 121 99 690 700
256 126 100 693 708
Fig 5.35  Natural versus Electro-kinetic pile Set-up in 50-50 Sand Clay Mix
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PILE SET-UP EXPERIMENTAL DATA
Day P5 P6
0 55 176
1 71 193
3 92 210
7 118 1800
14 172 2521
28 218 2550
252 824 4517
256 945 4620
Fig 5.36  Natural versus Electro-kinetic pile Set-up in 75-25 Sand Clay Mix ( 12 % MC)
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PILE SET-UP EXPERIMENTAL DATA
Day P7 P8
0 2 11
1 2 15
3 6 21
7 8 345
14 8 340
21 10 479
28 12 647
252 53 1341
256 84 1596
Fig 5.37  Natural versus Electro-kinetic pile Set-up in 75-25 Sand Clay Mix (17 % MC)
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PILE SET-UP EXPERIMENTAL DATA
Day P17 P18 P19 P20
0 334 300 250 313
1 334 326 276 397
3 335 345 284 438
7 334 357 534 641
14 353 370 504 617
21 345 378 697 914
28 357 395 638 1017
252 566 537 1212 1200
256 588 557 1264 1222
Fig 5.38  Natural versus Electro-kinetic Set-up in Clay
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5.4.2 Effect of Variation in Electric Voltage on Set-up in Clay 
Fig 5.39 shows a graph of static load versus time for 8 specimens, namely P9, P10, P11, 
P12, P13, P14, P15 and P16. These specimens are identical in terms of their composition 
and moisture content, and differ only in the amount of electric voltage applied between 
static testing events. Specimens P9 and P10 were allowed to achieve set-up naturally. 
Specimens P11, P12, P13, P14, P15 and P16 were subjected to electric gradients of 1V, 
1V, 10 V, 30 V, 30 V and 10 V, respectively. Hence, these 8 specimens can be classified 
into 4 groups, based on the amount of electric voltage applied to them, namely 0 V, 1 V, 
10 V and 30 V. The average capacities attained by these four types at Day 256 were 374 
N, 647 N, 806 N and 980 N, respectively.  
The pile capacity gains in terms of a percentage for specimens that were subjected to an 
electric voltage of 1V, 10V and 30V D.C., compared to those that were not subjected to 
any external electric gradient were 73%, 116% and 162%, respectively. Hence, it can be 
concluded that steel pile set-up in kaolinite clay is directly proportional to the amount of 
applied electric voltage, until saturation of set-up occurs. 
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PILE SET-UP EXPERIMENTAL DATA
Day P9 P10 P11 P12 P13 P14 P15 P16
0 82 142 99 111 128 128 137 137
1 95 153 107 117 128 132 145 153
3 113 168 130 134 139 147 162 176
7 126 176 134 143 142 274 336 190
14 139 193 155 160 155 248 345 206
21 147 193 185 189 218 420 628 344
28 160 206 227 227 315 437 606 416
252 357 351 580 588 847 900 886 740
256 386 361 650 643 851 960 1000 760
Fig 5.39  Effect of variation in Electric Voltage on Set-up in Clay
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5.4.3 Effect of Variation in Moisture Content on Set-up in Clay 
Figures 5.40 and 5.41 show the effect of variation in moisture content on natural and 
electro-kinetic set-up in clay.  Specimens P9, P10, P17 and P18 are allowed to achieve a 
natural set-up, whereas Specimens P14, P15, P19 and P20 are subjected to an electric 
voltage of 30 Volts. The four specimens in each graph are identical in terms of their 
composition and amount of electric gradient applied between static testing events, and 
differ only in their moisture contents.  
5.4.3.1   Natural Set-up  
As shown in Fig 5.40, Specimens P9 and P10 have 40% moisture content, and Specimens 
P17 and P18 have 35% moisture content. The average pile capacity of Specimens P9 and 
P10 at Day 256 was 374 N. Specimens P17 and P18 attained an average value of 573 N 
during the same period. A percentage pile capacity increase of 53% was observed in the 
35% moisture content specimens as compared to the 40% moisture content specimens. 
5.4.3.2   Electrokinetic Set-up  
As shown in Fig 5.41, Specimens P14 and P15 have 40% moisture content, and 
Specimens P19 and P20 have 35% moisture content. The average pile capacity of 
Specimens P14 and P15 at Day 256 was 980 N. Specimens P19 and P20 attained an 
average value of 1243 N during the same period. A percentage pile capacity increase of 
27% was observed in the 35% moisture content specimens as compared to the 40% 
moisture content specimens. 
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PILE SET-UP EXPERIMENTAL DATA
Day P9 P10 P17 P18
0 82 142 334 300
1 95 153 334 326
3 113 168 335 345
7 126 176 334 357
14 139 193 353 370
21 147 193 345 378
28 160 206 357 395
252 357 351 566 537
256 386 361 588 557
Fig 5.40  Effect of Variation in Moisture Content on Natural Set-up in Clay
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114
PILE SET-UP EXPERIMENTAL DATA
Day P14 P15 P19 P20
0 128 137 250 313
1 132 145 276 397
3 147 162 284 438
7 274 336 534 641
14 248 345 504 617
21 420 628 697 914
28 437 606 638 1017
252 900 886 1212 1200
256 960 1000 1264 1222
Fig 5.41  Effect of Variation in Moisture Content on Electro-kinetic Set-up in Clay
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5.4.4 Effect of Variation in Clay content on Set-up 
Figures 5.42 and 5.43 show the effect of variation in clay content on natural and electro-
kinetic set-up in clay.  Specimens P1, P2, P17 and P18 are allowed to achieve a natural 
set-up, whereas Specimens P3, P4, P19 and P20 are subjected to an electric voltage of 30 
Volts. The four specimens in each graph are identical in terms of their moisture contents 
and amount of electric gradient applied between static testing events, and differ only in 
their clay content composition.  
5.4.4.1   Electrokinetic Set-up  
As shown in Fig 5.42, Specimens P3 and P4 have 50% clay content, and Specimens P19 
and P20 have 100% clay content. The average pile capacity of Specimens P3 and P4 at 
Day 256 was 701 N. Specimens P19 and P20 attained an average value of 1243 N during 
the same period. An increase in pile capacity increase of the order of 77% was observed 
in the 100% clay content specimens as compared to the 50% clay content specimens. 
5.4.4.2   Natural Set-up  
As shown in Fig 5.43, Specimens P1 and P2 have 50% clay content, and Specimens P17 
and P18 have 100% clay content. The average pile capacity of Specimens P1 and P2 at 
Day 256 was 113 N. Specimens P17 and P18 attained an average value of 573 N during 
the same period. Pile capacity increase of 406% was observed in the 100% clay content 
specimens as compared to the 50% clay content specimens. 
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PILE SET-UP EXPERIMENTAL DATA
Day P3 P4 P19 P20
0 23 32 250 313
1 32 37 276 397
3 42 46 284 438
7 244 234 534 641
14 263 205 504 617
21 265 250 697 914
28 366 333 638 1017
252 690 700 1212 1200
256 693 708 1264 1222
Fig 5.42 Effect of Variation in Clay Content on Electro-kinetic Set-up
0
200
400
600
800
1000
1200
1400
1 10 100 1000
L
o
a
d
 
'
N
'
Time 'days'
Effect of variation in Clay content on Set‐up
P3, 50%Clay, 30 Volts, 35%MC
P4, 50%Clay, 30 Volts, 35%MC
P19, 100%Clay, 30 Volts, 35% MC
P20, 100%Clay, 30 Volts, 35%MC
117
PILE SET-UP EXPERIMENTAL DATA
Day P1 P2 P17 P18
0 11 11 334 300
1 15 19 334 326
3 25 29 335 345
7 25 29 334 357
14 25 34 353 370
28 29 38 357 395
252 121 99 566 537
256 126 100 588 557
Fig 5.43 Effect of Variation in Clay Content on Natural Set-up
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5.4.5 Load versus Electric Voltage Duration 
A graph of static load in ‘N’ versus the duration of application of electric voltage in ‘hrs’ 
for Specimens P11, P15 and P16 is shown in Fig 5.44. Specimens P11, P16 and P15 were 
subjected to an electric voltage of 1V, 10 V, and 30 V D.C., between test days. A time 
log was maintained to record the duration of application of electric gradient. The graph 
presents the duration of electric gradient as a cumulative quantity.  
The observed gains in pile capacity in 660 hours of application of electric gradient, 
starting from Day 14, were 495 N, 554 N and 655 N for electric gradients of 1V, 10V and 
30V, respectively. Hence the rates of gain in capacity are 0.75 N/hr, 0.84 N/hr and 0.99 
N/hr for electric gradients of 1V, 10V and 30V, respectively. 
It is quite possible to predict the duration of electric gradient needed to achieve a certain 
pile capacity value for similar clay pile specimens with 35% moisture content and electric 
gradient of 1/1.5 Volt/inch, 10/1.5 Volt/inch or 30/1.5 V/inch. 
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PILE SET-UP EXPERIMENTAL DATA
Time P11 P15 P16
0 155 345 206
146 185 628 344
285 227 606 416
570 580 886 740
660 650 1000 760
Fig 5.44  Load versus Electric Gradient Duration 
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5.4.6 Empirical Equation that Incorporates Electrokinetic Set-up 
Table 5.15 shows capacities of specimens P9, P11, P16 and P14 at 0, 2, 14, 21 and 28 
days after the end of initial driving. 
 Load 'Q' in 'N' 
Time 
't'(days) P9 P11 P16 P14 
0 82 99 137 128 
2 95 107 153 132 
14 139 155 206 248 
21 147 185 344 420 
28 160 227 416 437 
Table 5.15 Capacity ‘Q’ at different values of time ‘t’ 
Normalized pile capacity ‘Qt / Q0’ versus ‘t / t0’ is shown in Fig. 5.45. The graph 
compares the values of  ‘Qt / Q0’ for the four specimens obtained experimentally and also 
from the Skov and Denver empirical equation for piles driven in clay. 
 Normalized Load 'Q/Q0' 
Time 
't/t0' 
P9 P11 P16 P14 Skov & Denver 
1 1.00 1.00 1.00 1.00 1.00 
7 1.46 1.45 1.35 1.88 1.51 
10.5 1.55 1.73 2.25 3.18 1.61 
14 1.68 2.12 2.72 3.31 1.69 
Table 5.16 Normalized Capacity ‘Q’ at different values of time ‘t / t0’ 
It can be seen from the graph that the curve obtained from the Skov and Denver 
relationship, with ‘A’= 0.6 and a ‘t0’=2 days, matches very well with the curve for the 
controlled specimen P9, which is allowed to achieve set-up naturally.  
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The difference between these two overlapping curves and the curves obtained for other 
the other three specimens, i.e.  P11, P16 and P15, is attributed to electric gradients of 1V, 
10V and 30V applied to them. 
 
Fig. 5.45  Normalized Load 'Q/Q0' versus 't/t0' 
The two factors that explain this difference are the duration and quantity of the applied 
electric gradient. So, it is important to study how each of these factors influence pile set-
up. Pile capacity values for variation in these two factors are tabulated in Table 5.17 
 Load Q in 'N' 
Volt 'V' te = 0 te = 5.33  te = 11.66 
0 139 147 160 
1 155 185 227 
10 206 344 416 
30 248 420 437 
Table 5.17  Capacity at different values of applied electric gradient and it’s duration 
It can be seen from Figures 5.46 and 5.47 that the pile capacity ‘Q’ gradually stabilizes as 
logarithmic functions of electric voltage ‘E’ and its duration ‘te’ in days.  
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 Fig. 5.46 Load ‘Q’ versus Electric Potential ‘E’ 
 
Fig. 5.47 Load 'Q' versus Electric Gradient Duration ‘te’ 
Similar logarithmic correlations were observed for normalized capacity ‘Qt / Q0’ versus 
‘E / E0’ and normalized capacity ‘Qt / Q0’ versus ‘te / t0’. 
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On the basis of these correlations and a basic understanding that these two factors are 
inter-dependant, an empirical equation that can predict pile set-up in kaolinite clay and 
also incorporate the effect of electrokinetics was obtained and is stated as follows: 
)]log()[log()][log(1
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where,  Qt = Axial capacity at time t after driving 
Q0 = Axial capacity at time t0 after driving 
  A = Constant, that depends on soil type 
B = Constant, that depends on electrokinetic properties of soil.  
 t0 = an empirical time value measured in days = 2 days 
E = Applied Electric Gradient in Volts 
E0 = Empirical Electric Gradient in Volts = 2 V 
  te = Duration of application of electric gradient in days. 
 The above equation is a modified form of Skov and Denver equation and does take into 
account the effect of an applied external electric gradient. If either the applied electric 
gradient ‘E’ or the duration of application of the gradient ‘te’ in the above equation is set 
to zero, it reduces to its original form.   The values of constants ‘A’ and ‘B’ are set to 0.6 
and 1.6 respectively. 
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Experimental Qt / Qo  Empirical Qt / Qo 
E = 0 V  E = 1 V  E = 10 V  E = 30 V  E = 0 V  E = 1 V  E = 10 V  E = 30 V 
P9  P11  P16  P14  P9 P11 P16 P14 
1.00  1.00  1.00  1.00  1.00 1.00 1.00 1.00 
1.46  1.45  1.35  1.88  1.51 1.51 1.51 1.51 
1.55  1.73  2.25  3.18  1.61 1.77 2.32 2.70 
1.68  2.12  2.72  3.31  1.69 1.92 2.73 3.30 
Table 5.18  Comparison of Experimental Q/ Q0 versus Empirical Q/ Q0 
It can be seen from Table 5.18 that there is a definite correlation between the 
experimental and empirical equation values, with a couple anomalies. These values are 
shown graphically in Fig 5.48. The constant B used in the empirical equation depends on 
the electrokinetic properties of the soil.  
 
Fig 5.48  Comparison of Experimental versus Empirical Equation Values for ‘Qt/Q0’ 
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5.4.7 Practical Application of Empirical Equation 
Consider Specimen P9. This specimen had 100% clay content, and 40% moisture 
content. The measured initial static capacity at time ‘t0’was 95 N. Based on the 
experimental results, the long term capacity, i.e. at 28 days was approximately 1.69 times 
the initial capacity, and equal to 160 N. 
If an electric voltage is applied to this specimen after the time interval ‘t0’, the quantity 
and the duration of application of the electric voltage can be predicted using Equation 
5.1. Table 5.19 shows the quantity ‘E’ and the duration of application ‘te’ of the electric 
voltage required to achieve different values of ‘Qt / Q0’. 
    Qt / Q0   
    Experimental  Empirical  
t/t0 
  E  0  1  10  30 
Time 
‘days’ 
te 
‘days’ 
P9 
P9 
(1V) 
P9 
(10V) 
P9 
(30V) 
2  0  1  1  1  1 
3  1    1.16 1.32 1.44 1.5 
4  2    1.27 1.56 1.76 2 
5  3    1.35 1.73 2.01 2.5 
6  4    1.42 1.88 2.21 3 
7  5    1.48 2.00 2.37 3.5 
8  6    1.53 2.11 2.52 4 
9  7    1.58 2.21 2.65 4.5 
10  8    1.62 2.29 2.77 5 
11  9    1.65 2.37 2.87 5.5 
12  10    1.69 2.44 2.97 6 
14  12  1.46 1.75 2.56 3.14 7 
21  19  1.55 1.90 2.88 3.58 10.5 
28  26  1.68 2.01 3.11 3.90 14 
 
Table 5.19 ‘Qt / Q0’ versus ‘t / t0’ for Specimen P9 
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Fig 5.49 shows a graphical representation of the above table. It can be seen that specimen 
P9 took 28 days to achieve capacity of 160N as a result of natural set-up. The same 
capacity can be achieved by applying an electric gradient of 1V, 10V and 30V for a 
period of 10, 3 and 2 days, respectively. 
 
Fig 5.49 ‘Qt / Q0’ versus ‘t / t0’ for Specimen P9 
 
Some important factors on which electrokinetic set-up in clay depends are as follows: 
• Cation Exchange Capacity of the Soil 
• Clay Mineral Type 
• Electric Gradient 
• Duration and Time of Application of Electric Gradient 
• Moisture Content 
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• Pile size and type 
• Electrode type, number and position 
 
5.5 Moisture Content Log 
A rapid moisture content test was conducted on every specimen on all test days before 
performing a static load test. Table 5.20 shows a moisture content log at the beginning 
and the end of the testing period.  
Day P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 P11 P12 P13 P14 P15 P16 P17 P18 P19 P20
0 35 35 35 35 12 12 17 17 40 40 40 40 40 40 40 40 35 35 35 35
252 34 35 33 32 11 12 15 15 38 38 37 36 38 37 36 38 34 34 32 32
256 34 34 32 31 12 11 15 15 38 38 36 36 38 37 36 33 33 34 32 32
Moisture content ( % )
Table 5.20 Moisture Content Log 
It can be seen from the above table that there is slight reduction the moisture contents of 
these specimen during the course of the testing period. The maximum reduction of the 
order of 13% in the Day 0 moisture content during the entire testing sequence is for 
specimens P7 and P8 and the minimum reduction of the order of 0% in the Day 0 
moisture content is for specimen P5. Reduction in moisture contents can be attributed to 
evaporation losses. 
It is also worth noticing that although there is some reduction in the moisture contents of 
Day 0 during the course of the test, there isn’t substantial reduction between specimens 
that are subjected to an electric gradient versus those that are not, in the 5 individual 
categories mentioned earlier.  
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5.6 Temperature Log 
The temperature of the specimens was monitored on a regular basis, especially during the 
events of application of electric gradient. Table 5.21 shows a log of temperatures that was 
maintained during the testing period. 
Day P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 P11 P12 P13 P14 P15 P16 P17 P18 P19 P20
14 73 74 72 73 72 73 72 73 72 73 71 71 72 83 87 72 78 79 80 82
18 74 74 76 75 73 72 73 77 74 73 72 73 74 79 77 74 79 79 80 79
22 73 72 74 74 73 75 73 75 72 72 72 72 73 75 74 73 78 78 78 77
28 72 72 72 73 73 73 72 72 73 72 69 70 70 75 73 69 78 78 75 74
30 69 69 69 69 69
42 72 73 72 72 73 72 71 71 72 72 72 72 73 72 72 71 71 70 71 71
Temperature ( °F )
Table 5.21 Temperature Log 
As shown in the above table, temperatures were recorded on Days 14, 18, 22, 28, 30 and 
42 after the end of initial driving. Three separate electric gradient application cycles were 
associated with these 6 days. Days 14, 22 and 30 mark the beginning of an electric 
gradient application cycle, i.e. just before an electric gradient was applied to the 
appropriate specimens. Days 18, 28 and 42 correspond to times towards the end of the 
electric gradient cycle, i.e. few hours before the electric voltage application was 
terminated. The temperatures taken on Day 30 showed a constant value “69o F” for all 
specimens. This may be a result of an instrument error. 
 The primary objective of recording temperatures during the testing period, particularly 
during the events of application of electric gradient, was to understand their effects on the 
properties and behavior of the specimen. Other than a few anomalies, no substantial 
increase in temperatures was observed during periods of application of electric voltage. 
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The temperatures of the specimens were observed to be close to the room temperatures 
on the respective test days. 
 
5.7 Validity of Hypothesis 
Substantial increase in pile capacity of specimens that were subjected to electric voltage 
versus those that were not, were observed for Categories 1, 2 and 5, which constitute a 
sand clay proportion of 50-50, 75-25 and 0-100, respectively. Also, higher clay content 
produced higher set-up.  Hence, on the basis of laboratory tests, the hypothesis, “If pile 
set-up in clay is a natural electrokinetic process, application of an electric voltage to the 
soil with the pile made to act as a positive electrode, will significantly increase set-up”, 
has been proven for Kaolinite clay. 
 
5.8 Static Analyses Results 
Results obtained from Static Analyses are presented on the following page. The 
calculated capacity of the pile in clay, using the ‘α-method’, was 393 N. This design pile 
capacity matches well with the experimentally obtained pile capacity on the 28th day after 
the end of initial driving, for most kaolinite clay specimens. 
The calculated capacity of the pile in sand was 33 N. The experimental values of pile 
capacity on day 28 varied from 25 N for Specimen P1 to 263 N for Specimen P3. So, 
there was no correlation between the calculated and experimental capacity values for pile 
specimens driven in sand. Also, since the soil used in the laboratory tests was a mix of 
sand and clay, it could have caused the difference in the pile capacities. 
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CLAY 
Qs  = αpLc
α c (psf)
0.9 1000.00
L (inch) D (inch) Qs (lb) Qs (N)
6 0.75 88.35729 392.3064
SAND
Qs = 0.5pL1f+pL2f
L1 =15D L2
11.25 0.00
USE
6
So, the capacity of the pile in clay is 393N
STATIC ANALYSIS
f = kσv tanδ = 12.55697 psf
φ k Qs (lb) Qs(N)
30 0.60 7.396668 32.8412
So, the capacity of the pile in sand is 33N 
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Chapter VI 
CONCLUSIONS & RECOMMENDATIONS 
 
6.1 Conclusions 
The test program prepared in order to achieve the goal of the proposed research was 
executed successfully and the following inferences could be made on the basis of the 
results obtained. 
• On the basis of laboratory tests it was demonstrated that, pile set-up in kaolinite 
clay can be expedited and increased by electrokinetics. This proves the hypothesis 
that natural pile set-up in clays is an electrokinetic process. 
• The pile capacity gains in terms of a percentage for specimens that were subjected 
to an electric gradient of 1V, 10V and 30V D.C., compared to those that were not 
subjected to any external electric gradient were 73%, 116% and 162%, 
respectively. Hence, it can be concluded that steel pile set-up in kaolinite clay is 
directly proportional to the amount of applied electric gradient, until saturation of 
set-up occurs. 
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• Higher percentage increase in pile capacity was observed in 35% moisture content 
specimens as compared to 40% moisture content specimens. 
• Higher percentage increase in pile capacity was observed in 100% clay content 
specimens as compared to 50% clay content specimens. 
• The rates of gain in pile capacity are 0.75 N/hr, 0.84 N/hr and 0.99 N/hr for 
electric gradients of 1/1.5 volt/inch, 10/1.5 volt/inch and 30/1.5 volt/inch 
respectively. 
• On the basis of a graph of normalized pile capacity versus time, an empirical 
equation that can predict pile set-up in kaolinite clay incorporating the effect of 
electrokinetics was obtained and is stated as follows: 
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The proposed equation can be used to predict set-up in kaolinite clay with         
reasonable accuracy. 
• Application of electric voltage of the order of 1V, 10V or even 30V D.C. has no 
significant effect on properties like moisture content and temperature of the clay 
pile specimens. 
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6.2 Recommendations for future work 
The present study was focused primarily on checking the feasibility and viability of the 
hypothesis that natural pile set-up in clays is an electrokinetic process. Laboratory 
experiments proved that the set-up process in clay can be expedited using electrokinetics. 
Effect of variation in moisture content and clay content on pile set-up was studied and 
presented. An empirical equation that can predict pile set-up in kaolinite clay and also 
incorporate the effect of electrokinetics was obtained, and presented. 
Recommendations that can be considered for future work are: 
• Application of electrokinetics to different types of clays and compare respective 
set-up capacities. (i.e. Illite, Montmorillonite, Vermiculite) 
• Study the effect of application of electrokinetics to layered cohesive and 
cohesionless soils. 
• Improve the accuracy of empirical equations to predict set-up in soils by 
conducting more laboratory tests over a larger range of soil types. 
• Conduct full-scale field tests and compare their results to those obtained from the 
prototype laboratory set-up. 
• Use of electro-chemical impedance spectrocropy or similar analysis methods to 
understand the effect of electrokinetics on soil set-up. 
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